genes are also induced in uninfected parts of the plant to generate a long-lasting, broad-spectrum disease resistance throughout the entire plant termed systemic acquired resistance (SAR) (Ryals et al., 1996) . The pathogen-induced accumulation of salicylic acid (SA), both This three-dimensional arrangement of StWhy1 moleAtWhy1, the Arabidopsis StWhy1 ortholog, is induced cules is predicted to be strongly conserved among by SA and is required for both SA-dependent disease plant orthologs. resistance and SA-induced expression of an SAR reHere, we confirm the role of StWhy1 as a transcripsponse gene. AtWhy1 is required for both full basal tional activator using transient expression assays and and specific disease resistance responses. The tranchromatin immunoprecipitation (ChIP) analysis. The DNA scription factor-associated protein NPR1 is also rebinding activity of AtWhy1 in Arabidopsis was revealed quired for SAR. Surprisingly, AtWhy1 activation by SA by treatment of plants with SA and is, surprisingly, NPR1 is NPR1 independent, suggesting that AtWhy1 works independent. To examine the function of the Whirly in conjunction with NPR1 to transduce the SA signal.
Figure 1. The PB Element (GTCAAAAA/T) Is Necessary and Sufficient for ERE Activity
(A) The ERE was mutated two nucleotides at a time and fused to the uidA reporter gene encoding ␤-glucuronidase. The wild-type ERE sequence is indicated below the x axis with each bar representing the GUS activity measured for each corresponding two nucleotide mutation relative to the wild-type construct. Each nucleotide was mutated according to the legend presented with G to T; T to G and C to A; A to C. The results represent the electroporation of at least three separate batches of potato protoplasts, done in triplicate within each batch. Bars indicate the standard deviation of the mean. (B) The sequence of StWhy1 from amino acids 68-274 was fused to the 35S promoter and coelectroporated along with the ␤-glucuronidase reporter fusion gene constructs wtERE, 3ЈERE (AgcttgattCtagAATGTCAAAAATG), noERE (cgAcgcaGtgcgAAgctTgAttctaG), and mPB (5ЈAAAAT GACAAAATtgCAAAAAT3Ј). mPB has the first two nucleotides (GT) of the PB element mutated and results in a reduction of over 80% in reporter gene activity relative to wild-type (Desveaux et al., 2000) . Bars indicate the percent increase in reporter gene activity obtained in the presence of StWhy1, compared to results from coelectroporation of each reporter plasmid with the control human immunophilin protein FKBP plasmid. The results represent at least two independent experiments, with each electroporation conducted in triplicate within each experiment. Bars indicate the standard deviation of the mean. (C) Diagrammatic representation of the Gal4 DNA binding domain (Gal4DB) fusion proteins. "Gal4-VP16" represents the Gal4DB fused to the VP16 acidic transactivation domain of herpes simplex virus; "Gal4-StWhy1 AD" represents the Gal4DB fused to StWhy1 activation domain beginning at residue 55 and ending after the polyglutamine stretch (residue 99). Expression of each fusion protein is driven by a double 35S promoter. Plasmids containing the Gal4 fusion constructs were coelectroporated into leaf protoplasts with the luciferase reporter gene fused to 5XGal4 DNA binding sites. The histogram represents the luciferase activity from the reporter gene cotransfected with the corresponding effector plasmid relative to reporter gene when cotransfected with plasmid expressing the Gal4DB alone. Transfection efficiencies were corrected by coelectroporating a ␤-glucuronidase reporter gene. Results are for two batches of protoplasts prepared at different times, each plasmid having been electroporated three times within each batch of protoplasts. Error bars represent the standard deviation of the mean. (D) Chromatin immunoprecipitation (ChIP) was conducted using StWhy1 antibodies on extracts from potato tubers. Tissues were either fresh (lanes 2-4), wounded 18 hr (lanes 5-7), or elicited 12 hr with arachidonic acid with a 6 hr wound period prior to elicitor treatment (lanes 8-10). PCR was conducted using PR-10a specific primers on the total chromatin extracts of each tissue (ϩ), and on extracts subjected to immunoprecipitation using either preimmune serum (PI) or StWhy1 antibodies (StWhy1). Lanes 11 to 13 represent the PCR products from elicited tissue extract not subjected to formaldehyde crosslinking. Molecular weight standards (lanes 1 and 14) are indicated at the left in bp.
Results
scanning mutational analysis was conducted ( Figure  1A ). Only mutations affecting the sequence GTCAAAAA significantly reduced reporter gene expression in tranFunctional Characterization of the Elicitor Response Element sient assays, with no significant reduction observed by mutations 5Ј or 3Ј of this sequence. The closely related In order to define the minimal ERE sequence required for PR-10a expression, a detailed two-nucleotide exchange element GTCAAAAT is also sufficient for function in vivo (data not shown). Therefore, the sequence GTCAAAAA/T with the genes they regulate. We used ChIP to determine is required for optimal activity of the ERE; we term this if the StWhy1 protein is associated with the potato element the PB (PBF-2 binding) core element.
PR-10a gene in vivo ( Figure 1D ). Nuclei were isolated from fresh, wounded, and arachidonic acid elicited tu-PB Element-Dependent PR-10a Gene Induction bers. Fragmented chromatin was immunoprecipitated by StWhy1 using anti-StWhy1 antibodies (StWhy1; lanes 4, 7, and To examine whether StWhy1 can induce PR-10a expres-10) or preimmune serum (PI; lanes 3, 6, and 9) after sion, we coexpressed StWhy1, or a control protein (hucrosslinking by formaldehyde treatment. PCR was perman FK506 binding protein [FKBP] ), in potato protoformed on input DNA before immunoprecipitation (Input; plasts together with ␤-glucuronidase reporter gene lanes 2, 5, 8, and 11) and on immunoprecipitated DNA constructs containing the wild-type ERE (wtERE), the 3Ј using primers to amplify the potato PR-10a (m29041). half of the ERE containing the PB element (3ЈERE), no These primers were designed to amplify nucleotide posi-ERE (noERE), or a mutant of the PB element ( are more similar to each other (77% identity) and both share 58% identity to StWhy1. AtWhy1 is the Arabidopsis protein most similar to StWhy1 (75% identity excluding the variable N-terminal region up to His85). Recombinant AtWhy1 protein binds to the single-stranded ERE (Supplemental Figure S4) . To examine the role of the Whirly family in the defense response, we obtained homozygous plants carrying two different atwhy1 missense alleles from the Arabidopsis TILLING Project using the structurally defined ssDNA binding domain from Leu77 to Ser252 as a target. The atwhy1.1 mutation is Pro183Ser and the atwhy1.2 allele is Gly148Glu (Figure 2A) . Sequencing of the AtWhy1 cDNA from these lines confirmed that these were the only mutations present in the gene (data not shown). Neither of these alleles displayed any obvious morphological phenotypes relative to wild-type plants. We could not obtain viable homozygous atwhy1 null plants from two independent heterozygous T-DNA insertion lines (data not shown; Experimental Procedures).
Mapping the two atwhy1 mutations onto the StWhy1 crystal structure revealed that they should have different effects on AtWhy1 function ( Figure 2B ). The Pro183Ser exchange in atwhy1.1 falls on a ␤ sheet surface harboring the ssDNA binding domain. Exchange of a structurally rigid proline for a more flexible serine could have deleterious effects on the ␤ sheet surface and affect AtWhy1 DNA binding activity. The Gly148Glu exchange in atwhy1.2 resides in the central ␣-helical region that makes intermonomeric contacts within the tetramer. Tetramerization of recombinant atwhy1.2 protein is disrupted (data not shown).
We examined the DNA binding activity of each atwhy1 mutant protein from Arabidopsis nuclear extracts by EMSA. Crude Arabidopsis nuclear extracts possessed very low levels of ssDNA binding activity ( Figure 2C) . However, the ssDNA binding activity of AtWhy1 was revealed by subjecting the proteins to Q-Sepharose anion exchange chromatography, as previously observed in potato nuclear extracts ( Figure 2C Figure 3B) . Importantly, SA-induction of AtWhy1 DNA cotyledons carried 6-15 (42%) or Ͼ15 (36%) sporangiophores. These increases in sporangiophore counts on binding activity was not altered in extracts from the npr1-1 mutant ( Figure 3C) . Therefore, SA-induction of atwhy1 cotyledons confirm their increased susceptibility to Noco2 infection. The degree of enhanced disease AtWhy1 DNA binding activity is independent of NPR1.
The SA-induced gene PR-1 is commonly used as a susceptibility directly correlated with the decreased levels of AtWhy1 DNA binding activity recovered from each marker for SA-induced defenses. PR-1 induction 24 hr after SA application was very low in atwhy1.1 (Figure 3D) , allele ( Figure 2D ). We found three additional control TILLING alleles, two with mutations in atwhy1 introns and undetectable at this time point in either atwhy1.2 or in the SAR mutant npr1-1, compared to wild-type. We and one with a conservative mutation in the coding region. None displayed differences in susceptibility comcould, however, detect very low levels of PR-1 accumulation in atwhy1.2 by 72 hr after SA treatment (data not pared to wild-type (data not shown). Thus, AtWhy1 is required for full basal defense in Arabidopsis. shown). Together, these data demonstrate that neither AtWhy1 nor NPR1 is sufficient for full SA-induced PR-1
The more susceptible atwhy1.2 allele was also tested following infection with the incompatible P. parasitica expression, and that induction of AtWhy1 DNA binding activity is NPR1 independent. resistance against Noco2 infection. However, SA-induced resistance was fully compromised in atwhy1.2 as demonstrated by the P. parasitica growth observed confirming the importance of AtWhy1 for optimal SA-induced defenses.
Discussion
The Whirly family of plant transcription factors regulate gene expression through the PB element GTCAAAAA/T. We used reverse genetics to isolate atwhy1 missense alleles and to demonstrate functions for AtWhy1 in basal ( Figures 4A and 4C ), RPP4-mediated ( Figures 4B and  4D) , and SA-induced ( Figure 4E ) disease resistance. Importantly, AtWhy1 function does not require the global SAR regulator NPR1 for its SA-dependent activation ( Figure 3C ). It does, however, function with NPR1 to control SA-regulated gene expression ( Figure 3D ). Our data add significantly to the understanding of transcriptional reprogramming in the Arabidopsis immune sys- 
